1. Introduction {#s0005}
===============

Although recent cancer genome analysis has uncovered a large number of genes that are mutated in various cancer types, *p53* remains the most frequently mutated gene in cancer cells. Somatic mutations of *p53* are more frequent in ovarian ([@bb0260]) and esophageal ([@bb0095]) cancers, and osteosarcoma ([@bb0065]) (\> 50%) but relatively rare in leukaemia, neuroblastoma, and thyroid carcinoma ([@bb0045], [@bb0055], [@bb0270]) (\< 10%), indicating a diverse mutation spectrum for the *p53* gene across tissues. Inherited mutations in *p53* also cause an early-onset familial cancer syndrome, in which glioblastoma, osteosarcoma, and leukaemia are frequently observed ([@bb0215]). Moreover, non-synonymous single nucleotide polymorphisms (SNPs) or rare variations in the *p53* gene are associated with an increased susceptibility to cancer and poor prognosis ([@bb0285], [@bb0300]). Mouse models have also revealed important roles for p53; \> 70% of *p53*^*−/−*^ mice are prone to the spontaneous development of a neoplasm by 6 months of age ([@bb0085], [@bb0160]). Most of the tumors in *p53*^−/−^ mice are lymphomas (71%), while sarcoma (57%) occurs more frequently than lymphomas (25%) in *p53*^+/−^ mice ([@bb0160]). Furthermore, tissue-specific inactivation of p53 accompanied with (or without) other genetic alterations results in the development of mammary carcinomas, oral-oesophageal cancer, pancreatic ductal cancer, or liver cancer ([@bb0060], [@bb0140], [@bb0205], [@bb0245], [@bb0340]).

Genotoxic stresses, such as DNA damage, oxidative stress, and hypoxia, induce phosphorylation and stabilization of the p53 protein ([@bb0330]). Activated p53 functions as a transcription factor and suppresses cell growth *via* transactivation of its target genes involved in apoptosis, cell cycle arrest, and/or senescence ([@bb0235], [@bb0330]). Additionally, p53 regulates various biological processes, such as metabolic pathways, aging, development, reprogramming, and reproduction ([@bb0150], [@bb0170], [@bb0200]). Thus, p53 exhibits various physiological functions in a context-dependent and tissue-specific manner.

Previous studies have identified a number of p53 target molecules using transcriptome analysis of specific cell lines, tissues, or mouse embryonic fibroblasts (MEFs) ([@bb0180], [@bb0220]) (Table S1). However, no systematic analysis of p53 target genes in various tissues has been conducted thus far. To elucidate the role of p53 at individual tissue levels, we performed whole-body transcriptome analysis after X-ray-irradiation on *p53*^+/+^ and *p53*^−/−^ mice. In our study, 280 samples from 24 tissues were evaluated by RNA sequence analysis. Our study is the comprehensive analysis of the p53 signalling pathway *in vivo*.

2. Materials and Methods {#s0010}
========================

2.1. Mice and X-ray Treatment {#s0015}
-----------------------------

*p53*^*−/−*^ mice were provided from the RIKEN BioResource Center (Ibaragi, Japan) ([@bb0310]). 5′ part of exon 2 including translation initiation site was replaced with Neomycin resistance gene (Neor). Genotypes were confirmed by PCR analysis. The primer sequences are presented in Table S2.

All mice were maintained under specific pathogen-free conditions and were handled in accordance with the Guidelines for Animal Experiments of the Institute of Medical Science (University of Tokyo, Tokyo, Japan). *p53*^*+/+*^ and *p53*^*−/−*^ mice were X-ray-irradiated using the MBR-1520R-3 system (Hitachi, Tokyo, Japan). At 24 h after irradiation, 24 tissues were collected from mice. The age and gender of mice are shown in [Fig. 1](#f0005){ref-type="fig"}A. Tissues were preserved in RNAlater solution (QIAGEN) at 4 °C until RNA purification. Bone marrow was resolved in RLT plus reagent provided by the RNeasy Plus Mini Kit (QIAGEN) and homogenized using a QIAshredder column (QIAGEN). The lysates were stored at − 80 °C until RNA purification.Fig. 1Whole-body transcriptome analysis of *p53*^+/+^ and *p53*^−/−^ mice.A, List of 24 tissues used in this analysis. Age, gender, and number of mice are shown. B, The dendrogram derived from a cluster analysis using expression levels of 23,813 transcripts in 96 groups (K, W, KX, and WX, 24 tissues each) is shown with heatmap. We calculated the mean FPKM value for all samples from each tissue condition and performed a log(FPKM + 1) transformation before clustering. Clustering distance was based on "Euclidean" distance. C, Genes were categorized based on the number of expressed tissues (FPKM \> 1) in wild-type mice. The average FPKM values for each gene and tissue were used in the analysis. D, Genes were categorized based on their expression level in wild-type mice. The average FPKM values for each gene and tissue were used in the analysis.Fig. 1

2.2. RNA Sequencing {#s0020}
-------------------

Tissues were homogenized in QIAzol lysis reagent (QIAGEN) using Precellys 24 (Bertin Corporation). Total RNA was recovered using the RNeasy Plus Universal Mini Kit (QIAGEN). For RNA extraction from bone marrow, we used the RNeasy Plus Mini Kit (QIAGEN). We selected 280 samples for RNA sequencing analysis based on RNA quality and quantity, which were evaluated using a Bioanalyzer (Agilent) and Nanodrop (Thermo Fisher Scientific). High-quality RNA was subjected to polyA + selection and chemical fragmentation, and a 100--200 base RNA fraction was used to construct complementary DNA libraries according to Illumina\'s protocol. RNA-seq was performed on a HiSeq 2500 using a standard paired-end 101-bp protocol. The raw data obtained in this study can be accessible in DDBJ database (<http://www.ddbj.nig.ac.jp/index-e.html>) with accession number of DRA005768 with bioproject accession number of PRJDB5738.

2.3. Quantitative Real-time PCR {#s0025}
-------------------------------

Complementary DNAs were synthesized with the SuperScript Preamplification System (Invitrogen). Quantitative real-time PCR was conducted using the SYBR Green I Master Mix on a LightCycler 480 (Roche). The primer sequences are shown in Table S2.

2.4. Data Analysis of RNA Sequencing {#s0030}
------------------------------------

We used a tophat + cufflinks pipeline to process raw RNA-seq data. Before data processing, the quality of data was checked with FastQC. To quantify gene and transcript expression levels for all samples, we first aligned 101 bp paired-end reads to the mouse reference genome mm9/GRCm37 using Tophat (v2.0.9). The mapping parameters follow the default setting in the Tophat. After the read mapping, transcript and gene expression levels, which are represented by FPKM (fragments per kilobase of transcript per million mapped reads) values, were calculated by Cufflinks (v2.2.1). We used the transcript/gene abundant as a sample profiler for the downstream bioinformatics analysis.

2.5. Other Bioinformatics Analysis {#s0035}
----------------------------------

KEGG pathway analyses and GO term analyses were performed using DAVID (<https://david.ncifcrf.gov>/). Relative scores were calculated as follows: -log10(*P* value) × log2(Fold enrichment). GO reduction and connectivity graphs were generated using REVIGO (<http://revigo.irb.hr>/) and Cytoscape version 3.2.1 (<http://www.cytoscape.org>/). For clustering, the mean FPKM value for all samples of each tissue condition was calculated, and a log (FPKM + 1) value was used. Clustering analysis was conducted using the R program based on "Euclidean" distance. We used the Basic R program to generate correlation plots.

2.6. TCGA (The Cancer Genome Atlas) Data {#s0040}
----------------------------------------

Gene expression data and *p53* mutation status in clinical samples were obtained from the TCGA data portal ([https://tcga-data.nci.nih.gov/tcga/](https://tcga-data.nci.nih.gov/tcga){#ir0025}).

2.7. Gene Reporter Assay {#s0045}
------------------------

The potential p53 binding sites around Krt5, Krt6a, Krt6b, Krt14, Krt16, and Krt17 were subcloned into the pGL4.24 vector (Promega). The 30 candidate sites are shown in Table S3. Oligonucleotides are presented in Table S2. Reporter assays were performed using the Dual Luciferase assay system (Promega) as previously described ([@bb0230]).

2.8. Immunohistochemistry {#s0050}
-------------------------

The formalin-fixed, paraffin-embedded mouse tissue sections were used for immunohistochemistry. Immunohistochemistry was performed using the immunohistochemistry EnVision (Dako) method. The antibodies and the concentrations used are shown in Table S4.

2.9. Western Blotting {#s0055}
---------------------

To prepare whole-cell extracts, tissues were homogenized in chilled RIPA buffer using Precellys 24 (Bertin Corporation) and centrifuged at 16,000*g* for 15 min. Samples were subjected to SDS--PAGE and immunoblotting using standard procedures. The antibodies and the concentrations used are shown in Table S4.

3. Results {#s0060}
==========

3.1. RNA Sequence Analysis {#s0065}
--------------------------

To determine the appropriate dosage of X-ray in our screening, I evaluatd mRNA expression of four p53 targets (*Cdkn1a*, *Fas*, *Mdms*, and *Bax*) in three representative tissues (thymus, spleen, and liver) from *p53*^+/+^ mice those were exposed with 2, 5, or 10 Gy of X-ray (n = 3 each). The result of qPCR (quantitative Polymerase Chain Reaction) analysis indicated that all four p53-targets showed dose-dependent induction in liver (Fig. S1A). In contrast, *Bax* expression level was similar among 2, 5, and 10 Gy in thymus and spleen. These results indicated substantial difference in X-ray sensitivity among tissues and genes. In this study, we selected 10 Gy of X-ray to increase possibility to identify p53-targets even in X-ray resistant tissues.

To fully understand transcriptional regulation of p53-downstream genes in response to DNA damage, we irradiated both *p53*^+/+^ and *p53*^−−/−^ mice with 10 Gy of X-ray and then isolated RNAs from 280 samples derived from 24 tissues ([Fig. 1](#f0005){ref-type="fig"}A and [Table S5](#ec0005){ref-type="supplementary-material"}). Samples we analyzed were categorized into 4 groups: (K) *p53*^−/−^ mice without irradiation, (W) *p53*^+/+^ mice without irradiation, (KX) *p53*^−/−^ mice with X-ray irradiation, and (WX) *p53*^+/+^ mice with X-ray irradiation. qPCR analysis of known p53 targets, *Cdkn1a/p21*, *Mdm2*, *Bax*, and *Fas* indicated activation of p53 in response to X-ray irradiation in most of tissues in the WX group (Fig. S1B). On the other hand, p53 protein was increased by X-ray irradiation only in nine tissues (lung, bladder, esophagus, stomach, epididymis, seminal vesicle, uterus, ovary, and mammary gland) among 22 tissues analyzed (Fig. S2). Due to difficulty in protein extraction, we excluded bone and cartilage from this analysis. Thymus, heart, kidney, spleen, liver, testis, and tongue showed high basal p53 expression and no/marginal induction by X-ray, while colon, small intestine, muscle, bone marrow, eye, and cerebrum shows low expression even after X-ray irradiation, although Cdkn1a was induced in the most of tissues. In response to DNA damage, p53 is considered to be phosphorylated and stabilized, resulting in accumulation of protein that then activates its downstream targets ([@bb0330]). However, our results revealed large diversity in the mechanism of p53 activation among tissues.

Subsequently, we quantified expression levels of 23,813 transcripts and 30,563 isoforms in a total of 280 samples from 24 different tissues as FPKMvalues ([Table S6](#ec0010){ref-type="supplementary-material"}, [Table S7](#ec0015){ref-type="supplementary-material"}). We also confirmed clear correlation between qPCR results and RNA sequence data for *Cdkn1a/p21*, Mdm2, Bax, and Fas (Fig. S1B, C). We also confirmed the replacement of 5′ part of exon 2 including translation initiation codon of the *p53* gene by reads mapping, although p53 expression was not affected by X-ray (Fig. S3A---C). Through a cluster analysis of RNA sequence data (96 groups from 24 tissues), RNAs from spleen and thymus of WX mice were clustered into the same group ([Fig. 1](#f0005){ref-type="fig"}B and S4), in concordance with the high radiosensitivities of these two tissues ([@bb0185], [@bb0210]).

We found that 19,609 genes were expressed (\> 1 of FPKM) in at least one tissue ([Fig. 1](#f0005){ref-type="fig"}C, D). Previous multi-tissue omics analyses used the threshold of 1 (FPKM value) for detectable gene ([@bb0315]). To exclude genes with very low expression, we used stringent filtering criteria for calculation of fold change by adding one to each FPKM value as reported previously ([@bb0020], [@bb0165]). \> 50 genes were significantly decreased in the uterus and brain of *p53*^−/−^ mice compared with those in *p53*^+/+^ mice (Fig. S5A). Gene ontology (GO) analysis indicated that the genes involved in gamma-aminobutyric acid signalling pathway and cholesterol biosynthetic process were downregulated in the brain and uterus of *p53*^−/−^ mice, respectively (Table S8 and Fig. S5B), suggesting possible roles of p53 in neurotransmission and cholesterol biosynthesis.

3.2. Role of p53 in the DNA Damage Response {#s0070}
-------------------------------------------

We calculated the number of genes whose expression were induced or repressed more than twofold after X-ray irradiation in either *p53*^+/+^ or *p53*^−/−^ mice. We defined these genes as "X-ray-responsive genes". We found a significant diversity in the X-ray response among individual tissues, as 22.5% of genes (5352 of 23,813 genes) were altered after X-ray irradiation in the thymus, but \< 0.2% (51 of 23,813 genes) were altered in testis ([Fig. 2](#f0010){ref-type="fig"}A). Among the 5352 X-ray-responsive genes in thymus, most genes were induced or repressed only in *p53*^+/+^ mice but not in *p53*^−/−^ mice (Fig. S6). Based on the relative changes after X-ray irradiation in *p53*^+/+^ or *p53*^−/−^ mice, X-ray-responsive genes were categorized into 8 groups ([Fig. 2](#f0010){ref-type="fig"}B). Most of X-ray-responsive genes were induced or repressed only in *p53* ^+/+^ mice in all of the 24 tissues except eye, cerebrum, and epididymis. In eye and cerebrum, the majority of X-ray responsible genes were induced or repressed only in *p53*^−/−^ mice, while response to X-ray in epididymis tissues was similar between *p53*^+/+^ and *p53*^−/−^ mice. When the induction/repression pattern was not identical between *p53*^+/+^ and *p53*^−/−^ mice, we defined those as p53-dependent X-ray responsive genes. Genes induced or repressed only in p53 knockout mice, p53 might have function to maintain sustainable gene expression. In summary, X-ray irradiation affected mRNA expression of the great majority (\> 80%) of X-ray responsible genes only in *p53* ^+/+^ mice or only in *p53* ^−/−^ mice ([Fig. 2](#f0010){ref-type="fig"}C), suggesting p53 as a key regulator in the DNA damage response.Fig. 2The regulation of gene expression by p53 in response to X-ray.A, The number of genes whose expression was induced or repressed by more than twofold after X-ray irradiation in *p53*^−/−^ or *p53*^+/+^ mice. We added 1 to each FPKM value to filter out genes with low expression levels in this analysis. B, Based on relative changes after X-ray irradiation in wild-type or knockout mice, each gene was categorized into nine groups. Genes that were not induced or reduced more than twofold by X-ray in both *p53*^−/−^ or *p53*^+/+^ mice were defined as X-ray non-responsive genes. The number of genes in eight groups except X-ray non-responsive genes was shown by Radar plots. The horizontal and vertical axes indicate the number of genes which show more than twofold change in knockout mice ((KX + 1)/(K + 1)) and wild type mice ((WK + 1)/(W + 1)), respectively. C, The fraction of p53-dependent X-ray-responsive genes among the X-ray-responsive genes in each tissue. When the induction/repression pattern was not identical between *p53*^+/+^ and *p53*^−/−^ mice, we defined those as p53-dependent X-ray responsive genes.Fig. 2

3.3. Screening of p53 Targets {#s0075}
-----------------------------

We screened p53-induced and p53-repressed genes that are significantly increased or decreased more than twofold in WX mice compared with other groups ([Fig. 3](#f0015){ref-type="fig"}). As shown in [Fig. 4](#f0020){ref-type="fig"}A, [3](#f0015){ref-type="fig"},069 and 1467 genes were significantly induced in the thymus and spleen uniquely in the WX group, respectively ([Table S9](#ec0020){ref-type="supplementary-material"} and S10). A total of 3551 genes were induced across all 24 tissues, and 37 genes were induced in \> 7 tissues ([Fig. 4](#f0020){ref-type="fig"}B, C).Fig. 3The transcriptional landscape after p53 activation.The volcano plots showed the gene expression fold change in WX mice compared with other groups (x axis) and its significance (y axis), with each dot representing an individual gene. Significantly induced or repressed genes showing more than twofold change are coloured in red or blue, respectively (*P* \< 0.05 by Student\'s *t*-test).Fig. 3Fig. 4Screening of p53 targets.A, The number of p53-repressed (left) or p53-induced (right) genes in each tissue was shown. We selected genes that met the following criteria: 1) formula shown in above; 2) WX was significantly different from the remaining samples (W, K, and KX; *P* \< 0.05 by Student\'s *t*-test). B, Genes were categorized based on the number of tissues repressed (left) or induced (right) by p53. C, A list of 11 and 37 genes that were repressed or induced in \> 7 tissues. Each colour represents the fold change calculated using the formula shown in [Fig. 4](#f0020){ref-type="fig"}A. The right column shows the number of tissues. D, The correlation of *p53* expression with the number of p53-induced (red) or p53-repressed genes (blue) in each tissue. X-axis indicates average FPKM value of *p53* gene in *p53*^+/+^ mice without X-ray (W, n = 2 or 3). Y-axis is the number of p53-induced and p53-repressed genes.Fig. 4

Previously-reported p53-target genes, Eda2r ([@bb0305]), Cdkn1a, Trp53inp1, Gdf15, Ccng1, and Aen, were induced in \> 18 tissues ([Fig. 4](#f0020){ref-type="fig"}C and S7). We also identified potential p53 target genes, including Mgmt, Ces2e, Ephx1, Sesn2, and Dcxr, which were induced in \> 16 tissues. We could obtain the expression data of 144 genes among 150 previously-reported p53 targets. We found 80 known targets (55.6%) were induced in at least one tissues, while 64 genes (44.4%) were not significantly induced in any of the 24 tissues we examined ([Table S11](#ec0025){ref-type="supplementary-material"} and Fig. S7), indicating a remarkable diversity in the p53-mediated DNA damage response across species and tissue types. In addition, 2576 genes were repressed across the 24 tissues ([Fig. 4](#f0020){ref-type="fig"}B).

Then we analyzed published CHIP-seq and RNA-seq data of mouse embryonic fibroblast (MEF) treated with Adriamycin for 6 h ([@bb0180]). CHIP-seq data indicated that p53 could bind 20.87% of p53-induced (741 genes among 3551 genes) and 14.36% of p53-repressed (370 genes among 2576 genes) genes ([Table S9](#ec0020){ref-type="supplementary-material"} and Fig. S8A, B). In addition, 8.50% of p53-induced (302 genes among 3551 genes) and 3.53% of p53-repressed (91 genes among 2576 genes) genes were also induced and repressed in MEF by Adriamycin treatment. Although different types of cells and DNA damage were used for CHIP-seq and RNA-seq analysis, these set of genes are likely to be direct p53 targets.

3.4. Pathways Modifying p53 Mediated DNA Damage Response {#s0080}
--------------------------------------------------------

In response to DNA damage, p53 is phosphorylated and activated through ATM-CHK2 pathway ([@bb0105]). Interestingly, the numbers of p53-induced and p53-repressed genes associates with basal (W) *p53* mRNA expression levels in individual tissues with the correlation coefficient of 0.7172 and 0.6357, respectively ([Fig. 4](#f0020){ref-type="fig"}D). Atm and Chek2 expression is also associated with the numbers of p53-induced and p53-repressed genes (Fig. S9). These data clearly indicate the regulation of DNA damage response by Atm-Chk2-p53 cascade. In addition to these genes, 353 and 357 genes exhibit strong association with the number of p53-induced and p53-repressed genes (R2 \> 0.6), respectively ([Table S12](#ec0030){ref-type="supplementary-material"}). GO analysis indicated that genes related with transcriptional regulation were enriched ([Table S13](#ec0035){ref-type="supplementary-material"}), suggesting their function as a p53-coactivator. These sets of genes were likely to regulate p53-mediated DNA damage response.

We also analyzed the association of *Cdkn1a* fold activation with basal expression (W) of *p53*, *Atm*, and *Chek2*, in each tissue. *Cdkn1a* fold activation was associated with basal Atm, p53, and Chek2 level (R^2^ = 0.551, 0.398, and 0.193, respectively, Fig. S10A). Moreover, we found 258 genes that showed strong correlation (R2 \> 0.5) with *Cdkn1a* fold activation ([Table S14](#ec0040){ref-type="supplementary-material"}). Pathway analysis of these 258 genes indicated that Jak-STAT pathway and NF-kappa B pathway exhibit significant association with *P*-value of 7 × 10^− 9^ and 6 × 10^− 7^, respectively (Table S15 and Fig. S10B). Cdkn1a expression was shown to be regulated by multiple pathways including JAK1/STAT1 and TNF ([@bb0010], [@bb0075]), indicating the feasibility of this analysis to identify modifier of Cdkn1a transactivation.

3.5. Pathway Regulated by p53 {#s0085}
-----------------------------

We then analyzed the characteristics of p53-regulated genes. Pathway analysis of p53-induced genes in each tissues revealed that "cytokine-cytokine receptor interaction" was significantly associated in five tissues, while "antigen processing and presentation" was associated with p53-repressed genes in eight tissues ([Fig. 5](#f0025){ref-type="fig"} and [Table S16](#ec0045){ref-type="supplementary-material"}). We also visualized the non-redundant GO term set of 3551 p53-induced or 2576 p53-repressed genes (Fig. S11). p53-induced genes were related to diverse functions, such as "response to wounding", "immune response", and "cell adhesion". Moreover, p53-repressed genes were associated with "DNA metabolism", "cell cycle", and "immune system development".Fig. 5Pathway analysis of p53 targets.A pathway analysis of p53-repressed (left) or p53-induced (right) genes in each tissue. Each colour represents the *P*-value as shown below. The right column shows the number of tissues.Fig. 5

3.6. p53 Signalling Pathway and Human Carcinogenesis {#s0090}
----------------------------------------------------

To investigate the role of p53 downstream genes in human carcinogenesis, we analyzed the association of p53-regulated genes with p53 mutations in its corresponding cancer tissues using TCGA (The cancer genome atlas) database ([@bb0030], [@bb0035], [@bb0040], [@bb0050]) including \> 5000 cancer tissues of 11 tumor types (Table S17). Around 20% of p53-induced genes were significantly decreased in cancer tissues with p53 mutation ([Fig. 6](#f0030){ref-type="fig"}A and [Table S18](#ec0050){ref-type="supplementary-material"}). In addition, nearly half of p53-repressed genes in mammary gland or uterus exhibited higher expression in breast or uterus cancer tissues with p53 mutations. Among these genes regulated by p53 in both human and mouse tissues, we selected 12 genes those were related with key carcinogenic pathway or molecular target therapies ([@bb0070]) ([Fig. 6](#f0030){ref-type="fig"}B). Interestingly, four previously reported p53 targets (*CDKN1*, *MDM2*, *BBC3*, and *PLK2*) showed increased expression in various cancer tissues with wild-type p53 compared with those with mutant p53, while eight p53-repressed genes (*AURKB*, *BTK*, *CTLA4*, *ICOSLG*, *IKZF1*, *PIK3CD*, *SH2D1A*, *and SYK*) in mouse mammary gland were repressed in breast cancer tissues with wild-type p53. Because these p53-repressed genes encode therapeutic targets or pathways of cancer ([@bb0025], [@bb0145], [@bb0295]), combination of therapeutics targeting these molecules might be applicable for triple negative breast cancers in which p53 mutations are frequently observed ([@bb0280]). Our whole body transcriptome analysis revealed the molecular pathways regulated by p53 and its possible application in cancer therapeutics.Fig. 6The p53 signalling pathway and human carcinogenesis.A, The association of p53 regulation in mouse tissue with the expression in their corresponding cancer tissues with or without p53 mutation. We used the RNA sequence data and whole exon sequence data of 11 cancer types from the TCGA database for this analysis. The number of p53-regulated genes in mouse tissue is shown in light blue (p53-repressed genes) or light red (p53-induced genes). The number of genes whose expression is significantly associated with p53 mutation status of cancer tissues is shown in dark blue (p53-repressed genes) or dark red (p53-induced genes). B, p53-regulated genes those are related with key carcinogenic pathway or molecular target therapies (344 genes analyzed in MSK-IMPACT). Expression of four p53-induced (upper and middle) or eight p53-repressed (lower) genes those are significantly associated with p53 mutation status in the corresponding human cancer tissues (*P* \< 0.05). (Left) The *y*-axis indicates the FPKM values in each group (K, KX, W, and WX) with S.D. (Right) Gene expression in human cancer tissues. wt; cancer tissues without p53 mutation. Mutant; cancer tissues with a p53 mutation. The vertical axis indicates the normalized expression level, the top bar represents a maximum observation, the lower bar represents a minimum observation, the top of the box is upper or third quartile, the bottom of the box is lower or first quartile, and the middle bar is the median. The association between wt and mutant was assessed using a Student\'s *t*-test.Fig. 6

3.7. Regulation of RNA Splicing by p53 {#s0095}
--------------------------------------

We further explored RNA sequence data at isoform level for all 24 tissues. As a result, we identified another 214 p53-induced genes and 296 p53-repressed genes that we could not identify by gene level analyses ([Table S19](#ec0055){ref-type="supplementary-material"}, [Table S20](#ec0060){ref-type="supplementary-material"}). We found remarkable difference in DNA damage response between isoforms. For example, Fbxw7 and Jak2 expression was not affected by p53 at gene level. However, isoforms NM_080428 (Fbxw7, transcript variant 3) and NM_001048177 (Jak2, transcript variant 2) were remarkably induced by p53, while isoforms NM_001177774 (Fbxw7, transcript variant 1), NM_001177773 (Fbxw7, transcript variant 2), and NM_008413 (Jak2, transcript variant 1) were repressed (Fig. S12). Fbxw7 variant 1 and 2 encode the same protein, but Fbxw7 variant 3 has an alternate 5′ exon including coding region and encodes shorter protein with different N-terminus compared to variant 1 and 2. Concordant with our findings, difference in stress response among FBXW7 isoforms was previously reported in human colorectal cancer cells ([@bb0290]). Taken together, our results elucidate the role of p53 in the regulation of alternative splicing.

In addition, p53 induced various p63 isoforms including DNp63beta (NM_001127262) and DNp63 isoform e (NM_001127264) in response to X-ray in thymus (Fig. S12). DNp63 isoforms lack the transactivation domain and function as inhibitors of p53 and TAp63 proteins ([@bb0125], [@bb0345]). These isoform level analyses suggested p53-DNp63 negative feedback pathway in thymus tissue.

3.8. Regulation of Keratinization in Stomach by p53 {#s0100}
---------------------------------------------------

Next we focused on p53-induced genes whose expressions were restricted in specific tissues. Among 8117 genes that are highly expressed (\> 10 FPKM) in up to five tissues, p53 induced expression of 237 genes ([Fig. 7](#f0035){ref-type="fig"}A and Table S10 and S21). Interestingly, only the *Cpt1c* gene was previously reported as a p53-target gene, indicating the feasibility of our screening method to identify tissue-specific p53 targets.Fig. 7Tissue-specific targets of p53.A, The number of genes expressed in a limited number of tissues (\> 10 FPKM in 1 to 5 tissues) and induced by p53 in each tissue. B, qPCR analysis of keratins in the stomach after X-ray irradiation. Mice stomachs were collected 24 h after 10 Gy of X-ray irradiation. Expression in WX was significantly increased compared with other groups (K, W, and KX) (\**P* \< 0.05 by Student\'s *t*-test) (n = 3 per group). C, Immunohistochemical analysis of keratins and loricrin in the forestomach and glandular stomach 48 h after irradiation. K and W indicate *p53*^−/−^ and *p53*^+/+^ mice, respectively. X indicates treatment with 20 Gy of X-ray irradiation. D, western blotting of keratins, loricrin, and p53 in the glandular stomach 48 h after irradiation. β-actin was used as a loading control. K and W indicate *p53*^−/−^ and *p53*^+/+^ mice, respectively. X indicates treatment with 20 Gy of X-ray irradiation.Fig. 7

Among them, three keratin family members (Krt6a, Krt6b, and Krt17) were induced in stomach (Table S21). In addition, GO analysis of 64 p53-induced genes in stomach revealed that p53 regulates keratinization (*P* = 8.24 × 10^− 10^, Table S22). Among 52 Keratin family members, 6 keratins (Krt5, Krt6a, Krt6b, Krt14, Krt16, and Krt17) were induced by X-ray in stomach of *p53* ^+/+^ mice ([Fig. 7](#f0035){ref-type="fig"}B and S13A). qPCR analysis indicated that these keratin family members were induced under various conditions by X-ray irradiation only in *p53*^*+/+*^ mice (Fig. S13B). Keratin family members cluster on mouse chromosome 15F2 and 11D (Fig. S14A). We surveyed the consensus p53-binding sequence (p53BS) within these loci and found 30 potential p53BSs (Table S3). We conducted a reporter assay and found 7 p53BSs on Chr. 15F2 and 5 p53BSs on Chr. 11D that exhibited a more than five-fold induction in reporter gene activity after co-transfection of wild-type p53 (Fig. S14B). Moreover, previous CHIP-seq data using mouse embryonic fibroblast ([@bb0180]) indicated the binding of p53 protein to *Krt5* locus (Ch15: 101545689 *P* = 7.34 × 10^− 23^, and Ch15: 101547208 *P* = 4.76 × 10^− 22^ within 30 bp of Ch15F2_3 and Ch15F2_4, respectively, Fig. S14A), suggesting the direct regulation of keratins by p53.

Immunohistochemical analysis showed the induction of Krt6, Krt16, and loricrin, a marker of terminal epidermal differentiation, in forestomach of *p53*^+/+^ mice by X-ray irradiation ([Fig. 7](#f0035){ref-type="fig"}C and S15). Krt6 and loricrin were also induced in glandular stomach of *p53*^+/+^ mice. On the other hand, the proliferation marker, Ki-67 was decreased in both forestomach and glandular stomach (Fig. S15). We also confirm the induction of Krt6, 16, 17, and p53 protein by X-ray in forestomach of *p53*^+/+^ mice by western blotting (n = 3 per group, [Fig. 7](#f0035){ref-type="fig"}D). These findings demonstrated the regulation of keratinization and differentiation of epithelial cells in stomach by p53 in response to DNA damage.

4. Discussion {#s0105}
=============

The regulation of gene expression by p53 has been extensively analyzed ([@bb0155], [@bb0180]), however most of the previous studies analyzed one or two human/mouse cells or tissues as shown in Table S1. Since *p53* mutations were observed in cancers from multiple tissues, the identification of p53-regulated genes in various cell types is essential to fully understand the p53 signalling network. Here, we conducted an RNA sequence-based whole-body transcriptome analysis using *p53*^+/+^ and *p53*^−/−^ mice. In our study, 280 samples from 24 tissues were analyzed, andB transcriptome analysis of p53 regulated genes. Our results also indicated that the great majority of X-ray-responsive genes were regulated by p53 and further supported the crucial roles of p53 in the DNA damage response.

In the previous analysis, cells or mice were treated with various dose of radiation (1--10 Gy) and were analyzed at various time points (1--24 h) (Table S1). p53 was induced at 3--6 h after irradiation in thymus, spleen and small intestine, however sensitivity to irradiation varies between tissues ([@bb0110], [@bb0190]). p53 deficient mice exhibited apoptosis resistance and prolonged survival after 10 Gy of radiation ([@bb0195]), suggesting that p53 targets related with apoptotic pathway were induced in this condition. Genes related with apoptotic pathway were shown to be induced relatively late time point in response to severe DNA damage ([@bb0240]). Thus, we selected 10 Gy and 24 h in our study to identify p53 targets even in radiation resistant tissues.

We also found remarkable differences in the DNA damage response across different tissues. \> 2000 genes were regulated in the thymus and spleen in *p53*^+/+^ mice. These two tissues are known to be sensitive to radiation-induced apoptosis ([@bb0130], [@bb0225]) and commonly develop cancer in p53-defective mice ([@bb0090]). Expression of p53, Atm, and Chek2 was strongly correlated with the number of p53-regulated genes as well as fold induction of Cdkn1a. Taken together, we revealed that Atm-Chek2-p53 axis was associated with DNA damage response and cancer susceptibility. However, p53 protein was increased in only nine tissues among 22 tissues analyzed. Interesting, both X-ray sensitive (thymus and spleen) and X-ray resistant tissues (testis and heart) exhibited high basal p53 expression with no or marginal p53 induction by X-ray. These results indicate that p53 protein expression cannot fully explain difference in DNA damage response among tissues. Further analyses of genes or pathways that are associated with the number of p53-resposive genes as well as p53 modification are necessary to understand the molecular mechanism of p53-mediated transcriptional regulation.

p53 was shown to repress gene expression by several indirect mechanisms such as p21-DREAM-CDE/CDR pathway ([@bb0115]) or miRNA-mediated pathway ([@bb0135]). We found that p53 can bind to a relatively small subset of p53-repressed genes (14.36%) compared with p53-induece genes (20.87%). Our findings also suggest that most of p53-repressed genes are regulated by indirect mechanisms.

Annotation using TCGA database revealed that p53-repressed targets in mouse mammary gland such as *BTK*, *AURKB*, *SYK*, *PIK3CD*, and *CTLA4* are significantly transactivated in human breast cancer tissues with p53 mutations. AURKB, BTK, ICOSLG, SYK, and PIK3CD ([@bb0100], [@bb0175], [@bb0250], [@bb0275]) are associated with proliferation or poor prognosis of breast cancers, while CTLA4 is essential for the function of regulatory T cells which suppress cytotoxic T-cell ([@bb0325]). Therefore, p53 would inhibit tumorigenesis by suppressing cell growth and enhancing immune response. Thus, combination of therapeutics targeting these molecules ([@bb0120]) would be applicable for breast cancers with p53 mutation that are associated with poor prognosis ([@bb0005]).

Our analysis also identified pathways that are regulated by p53 in a tissue-specific manner. Six keratin family members (krt5-krt14, krt6-krt16, and krt6-krt17) induced by p53 are components of intermediate filament. These keratins are induced by skin injury and promote would healing ([@bb0080]). Mutations of KRT5 and KRT14 result in fragile epidermides and hereditary epidermolysis bullosa simplex ([@bb0015]), while both *krt5*^−/−^ ([@bb0265]) and *krt14*^−/−^ ([@bb0320]) mice die soon after birth due to blister formation, which is partially rescued by overexpression of krt16 ([@bb0255]). In addition, krt6a and krt6b double knockout mice showed increased ulceration in upper digestive tract ([@bb0335]), indicating their important roles in the maintenance of epithelial integrity. Thus, p53 would protect gastric mucosa from radiation-induced injury by inducing keratin family members.

Taken together, our comprehensive analysis of p53 target genes revealed the crucial role of p53 as a master regulator of the DNA damage response in most of tissues. Because the mutation of *p53* is the most common genetic alteration in cancer tissues, our results would elucidate tissue specific roles of p53 that will enhance our understanding of cancer biology.

The following are the supplementary data related to this article.Table S5Summary of RNA quality (RIN) and number of total reads for 280 samples.Table S5Table S6Summary of RNA sequence analysis of 280 tissues.Table S6Table S7Summary of RNA sequence analysis for isoforms.Table S7Table S9List of p53-induced and p53-repressed genes.Table S9Table S11List of p53 target genes.Table S11Table S12List of genes strongly correlated with the number of p53-induced or repressed genes in each tissue.Table S12Table S13Gene ontology (GO) analysis for the genes strongly correlated with the number of p53-induced or repressed genes in each tissue.Table S13Table S14List of genes strongly correlated with the fold induction of Cdkn1a in each tissue.Table S14Table S16List of p53-induced or p53-repressed genes included in each pathway.Table S16Table S18List of p53-regulating genes whose expression was significantly associated with p53 status in human tumors.Table S18Table S19List of p53-induced and p53-repressed isoforms.Table S19Table S20List of p53-induced and p53-repressed isoforms those are not identified in gene level analysis.Table S20Supplementary table S1, S2, S3, S4, S8, S10, S15, S17, S21, S22.Image 1
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